INTRODUCTION
============

Both processable and highly organized semiconducting molecules, which exhibit intriguing charge-transfer properties ([@R1]), and self-assembled (liquid) crystals, which qualify as organic ferroelectric materials ([@R2]--[@R4]), have been reported. However, the combination of these properties in a single compound has so far remained elusive. For combining semiconductivity and ferroelectricity, it will be necessary to spatially separate the molecular dipoles, which need motional freedom to be aligned, from the stacked π-conjugated fragments. At the same time, the strongest coupling between the two functionalities is anticipated when their separation is minimal. Therefore, we designed special disc-shaped molecules where the rigid core is based on well-known π-conjugated units, such as perylene bisimides (PBI) and (sub)phthalocyanines (Pc and SubPc). The flexible side groups, which are normally used for solubility and intramolecular phase separation, are modified to have either an amide or an oligovinylidene difluoride (oVDF) unit, both known to form strong polar arrangements in a cooperative way ([Fig. 1](#F1){ref-type="fig"}). When properly organized in the solid state, columnar-like ordered architectures result, enabling efficient charge transport ([@R1], [@R5], [@R6]) and ferroelectric switching. The rationale for this design is that the ferroelectric polarization will establish an asymmetric potential that can be expected to couple to the bulk conductivity as it leads to a nonequivalence of current flow along and against the polarization direction, giving rise to conductivity that is directional (rectifying) and switchable.

![A cartoon of the devices studied and the chemical structure of the investigated oFESC compounds and their supramolecular organization.\
Semiconducting cores are shown in blue, and dipolar side groups are shown in red. (I) Structures of PBI-oVDF and Pc-oVDF. (II) Structure of SubPc-amide. For details of the synthesis and characterization, see the Supplementary Materials.](1701017-F1){#F1}

Such behavior, so far not observed, could be considered the all-electrical equivalent of the bulk photovoltaic effect, that is, the rectification of light that is observed in piezo- and ferroelectric crystals, typically inorganic perovskites ([@R7]). Whereas inorganic crystals have to be prepared by high-temperature vacuum deposition techniques, the organic materials presented here can be used directly after a simple combination of solution processing and field annealing. Likewise, the modulation of the bulk conductivity of a single compound differs fundamentally from the modulation of an injection barrier that gives rise to switchable currents in phase-separated blends of semiconducting and ferroelectric polymers ([@R8]--[@R11]), in ferroelectric Schottky diodes ([@R12], [@R13]), and, recently, in a single organic compound ([@R14]).

RESULTS AND DISCUSSION
======================

To realize the above, we synthesized three materials as indicated in [Fig. 1](#F1){ref-type="fig"}. Details about the chemical synthesis and characterization of these molecules can be found in section S1 and in studies of Guilleme *et al.* ([@R15]) and García-Iglesias *et al.* ([@R16]). The SubPc material forms a hexagonal liquid crystalline phase at room temperature and over a broad temperature range (up to 250°C), where hydrogen bonding between the amide groups stabilizes the quasi-1D (one-dimensional) columnar arrangement (section S1) ([@R15], [@R17]). Stable homeotropic alignment was confirmed by polarization optical microscopy (POM; section S2). In this arrangement, the amide groups are known to form collective macrodipoles that lead to true ferroelectric behavior ([@R4], [@R18], [@R19]). The quasi-static polarization loop at *T* = 130° to 135°C for the SubPc material is shown in [Fig. 2A](#F2){ref-type="fig"}, and is obtained by integrating the current associated with polarization reversal after subtraction of the leakage current, as described in Materials and Methods. The polarization switches direction when the externally applied electric field passes the coercive field. The remnant polarization of \~0.13 μC/cm^2^ is the polarization that remains at zero electric field. The polarization switching is thought to be the result of rotation of the amide group around the C-N bond attaching them to the SubPc core. This polarization is about an order of magnitude less than that observed by Gorbunov *et al.* ([@R4]) and Fitié *et al.* ([@R18], [@R19]) for the benzene-1,3,5-tricarboxamide material, which reflects the reduced volume density of amide groups and likely a lesser orientational freedom due to different substitution patterns. The latter is known to critically affect the ferroelectric properties of polar molecular materials ([@R20]).

![Simultaneous switching of polarization and conductivity in SubPc-amide.\
Ferroelectric polarization (**A**) and current (**B**) versus applied bias for a Au/SubPc-amide/Au diode. Polarization and current are separate measurements on the same device. Thin dotted lines indicate the coercive voltage; red dashed lines are fits to a sum of ohmic ([Eq. 1](#E1){ref-type="disp-formula"}) and SCLC ([Eq. 2](#E2){ref-type="disp-formula"}) contributions, showing that conductivity is bulk-limited. Arrows indicate loop sense. Device film thickness *L* = 1 μm, *T* = 130° to 135°C.](1701017-F2){#F2}

Current-voltage curves measured on the same organic ferroelectric semiconductor (oFESC) device are shown in [Fig. 2B](#F2){ref-type="fig"}. To minimize spurious currents due to polarization reversal, these are measured at much lower sweep rates than the corresponding polarization loops. At low voltages, the oFESC diodes show a strong rectifying behavior, with a rectification ratio of about an order of magnitude. In this respect, the behavior of our oFESC diodes is reminiscent of the BiFeO~3~ (BFO) diodes reported by Choi *et al.* ([@R21]). However, poling our oFESC diodes in reverse direction gives rise to a current that is large in the forward direction, whereas in the BFO-based devices directions of poling and the highest current are parallel. The latter behavior is characteristic of injection barrier modulation, as will be discussed in more detail below ([@R13]). In stark contrast, the remarkable and unprecedented hysteresis behavior in the current-voltage (*jV*) loop, indicated by the arrows in [Fig. 2](#F2){ref-type="fig"}, is shown to result from a bulk conductivity modulation. Passing through zero toward positive bias, that is, with negative polarization remaining from the previously negative bias, the device is in a low-resistance state. When reaching biases where the polarization starts to reverse, that is, the coercive field (vertical dotted lines), a region of negative differential resistance is reached and the device enters a high-resistance state. The same happens, *mutatis mutandis* at negative bias.

Qualitatively identical behavior was found in oFESC diodes based on two materials with totally different polar side groups, namely, oVDF chains, as shown in [Fig. 3](#F3){ref-type="fig"}. Infrared spectroscopy of both the PBI-oVDF and Pc-oVDF materials shows the appearance of the ferroelectric β-phase of the oVDF tail, in line with the polar ordering required ([@R16]). The hysteretic polarization behavior observed in [Fig. 3](#F3){ref-type="fig"} (A and B) is characteristic of ferroelectric materials. The quantitative variation between the two materials in coercive field and especially remnant polarization is attributed to the evident differences in molecular structure and uncertainty associated with measuring polarization in the presence of a switchable conductance (section S2). Moreover, some fraction of the active material in the oFESC diodes may be in a more disordered state, which does not contribute (or contributes only minimally) to ferroelectric switching and/or charge transport. The corresponding *jV* curves in [Fig. 3](#F3){ref-type="fig"} (C and D) show the same switchable rectification as the SubPc-amide material, which implies that the observed behavior is not a property of a particular molecule but is related to the common molecular design of having a cooperative ordering of the polar side chains in close contact with the stacked semiconducting core.

![Simultaneous switching of polarization and conductivity in PBI-oVDF and Pc-oVDF.\
Ferroelectric polarization (**A** and **C**) and current (**B** and **D**) versus bias for oFESC diodes based on PBI-oVDF (A and B) and Pc-oVDF (C and D). Polarization and current are separate measurements on the same device. Black and gray lines indicate different measurements; red dashed lines are fits consisting of ohmic ([Eq. 1](#E1){ref-type="disp-formula"}) and SCLC ([Eq. 2](#E2){ref-type="disp-formula"}) contributions. Arrows indicate loop sense. (A and B) *L* = 0.8 μm, *T* = 55° to 60°C. (C and D) *L* = 1 μm, *T* = 40° to 45°C. For *jV* curves on linear scale, see fig. S15.](1701017-F3){#F3}

For actual application in future memory devices, it is important that the rectification can be not only switched and read out once but also done multiple times. Although we did not explicitly investigate the cycling endurance of our devices, we did not observe any signs of switching fatigue during our measurements. In fact, because of improved molecular stacking, the switching curves tend to improve with continuous cycling of one to several hours' duration, corresponding to several thousands of full switching events. Degradation typically occurs stochastically by abrupt shorting, which is not related to the organic material but to the filament formation from the metal contacts ([@R22]--[@R25]).

The correlation between polarization reversal and the change in conductivity strongly suggests a causal relation, as was intended in the molecular design. To substantiate this, the retention of the polarization and conductivity states was investigated. [Figure 4](#F4){ref-type="fig"} shows that polarization and on-current are lost at essentially the same rate, which leads to the important conclusion that conductivity is directly coupled to polarization state. The retention time on the order of minutes is comparable to previously published molecular ferroelectrics ([@R19]). We should stress that poor retention is not a fundamental property of this class of ferroelectrics and that minor changes in the molecular structure ([@R26]) or operational conditions ([@R27]) can increase the retention time to hours or even months. Moreover, a short retention time does not imply that the material is not a proper ferroelectric ([@R4]); instead, for the present materials, it likely results from structural disorder and a relatively small energy barrier between the polarization states of single domains ([@R26], [@R27]).

![Conductivity and polarization decay at the same rate.\
Retention of polarization (**A**) and current (**B**) in PBI-oVDF and Pc-oVDF oFESC diodes. Retention is measured by poling the diode and reading out the remaining polarization and the on-current after a waiting time *t*. During the waiting time, the device is grounded. Polarization and current measurements were taken successively on the same devices. *Y* axes are normalized to the values at *t* = 0 s; *j*~off~ is the current in the fully depolarized state. Other parameters are shown in [Fig. 3](#F3){ref-type="fig"}.](1701017-F4){#F4}

The observed sense of the *jV* hysteresis loop is opposite to what is found in diodes based on blends of ferroelectric and semiconducting polymers ([@R8], [@R9]). The hysteresis behavior of the latter is well understood to result from a modulation of the charge injection barrier at the metal-semiconductor interface by the ferroelectric polarization ([@R10], [@R11]). The loop sense for these blend devices can be generalized to all devices, where a field-driven redistribution of charge gives rise to a reduction in effective injection barrier height ([@R13], [@R14]) and/or an increase in bulk conductivity, and hence to an increase in current ([@R28]). For example, in light-emitting electrochemical cells, the redistribution of ions modulates the injection barrier and enables dynamic doping of the semiconductor component ([@R29]). Both effects lead to a current that increases with time and bias when sweeping from negative to positive bias, opposite to what is observed here. Conventional bipolar resistive switching devices are characterized by on and off states that, at low bias, are off at both polarities ([@R22]--[@R25], [@R30], [@R31]). In view of the proposed underlying mechanism, the field-driven formation and interruption of conducting filaments, such behavior is logical. The fact that in our oFESC devices the on and off states are exchanged when the polarity of the probe bias is changed excludes filament formation as a possible explanation for our results. Also, the model by Blom *et al.* ([@R12]) relies on the modulation of an injection barrier, which we can exclude based on the loop sense. This model essentially explains the current modulation as a change in the built-in voltage. As the latter cannot be larger than the bandgap of a few volts, this and similar models can be ruled out, as the current modulation in [Fig. 2](#F2){ref-type="fig"} would correspond to much larger voltage shifts of a few tens of volts.

The *jV* curves of all devices presented here can be described by either a simple ohmic conductivity$$\mathit{j} = \sigma\mathit{V}/\mathit{L}$$or a space charge limited conductivity (SCLC)$$\mathit{j} = \frac{9}{8}\varepsilon_{0}\varepsilon_{r}\mu_{0}\frac{\mathit{V}^{2}}{\mathit{L}^{3}}~\text{exp}(0.891\gamma\sqrt{\mathit{V}/\mathit{L}})$$or a sum thereof. Here, *V* is the applied voltage, *L* is the layer thickness, σ is the conductivity, ε~0~ε~r~ is the dielectric constant of the active layer, μ~0~ is the zero-field mobility, and γ is a phenomenological parameter that quantifies the mobility enhancement by the applied electric field. The dashed lines in [Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} are fits to the *jV* curves by the sum of [Eqs. 1](#E1){ref-type="disp-formula"} and [2](#E2){ref-type="disp-formula"} (see section S3 for further details). The parameters describing the SCLC behavior ([Eq. 2](#E2){ref-type="disp-formula"}), where these could be determined (SubPc-amide and Pc-oVDF), are in the range expected for this type of small organic molecular semiconductor.

Because both [Eqs. 1](#E1){ref-type="disp-formula"} and [2](#E2){ref-type="disp-formula"} describe currents that are limited by the material bulk, as opposed to those limited by injection or interface barriers associated with the Au contacts, the analysis of the *jV* curves leads to the conclusion that the conductivity of our diodes is limited by the bulk in the oFESC diodes. Hence, the bulk conductivity is modulated by the direction and degree of ferroelectric polarization.

To rationalize the above observations, we developed a simple model that captures the essence of charges moving by thermally activated tunneling---hopping---in our systems. In molecular semiconductors, the energies associated with the geometrical reorganization of the initial and final site (molecule) upon charge motion are significant ([@R1]). The simplest way to account for these polaronic effects on charge motion is by using Marcus hopping rates, which describe the hopping process as a thermally activated motion in a parabolic potential characterized by the reorganization energy λ. The key ingredient of our model is that the proximity of the aligned molecular dipoles to the conjugated molecular core on which the charge sits gives rise to a significant anharmonic and asymmetric contribution to the net potential felt by the moving charge. This potential is calculated in [Fig. 5A](#F5){ref-type="fig"} using numbers that are representative of SubPc. Full details and parameters are given in Materials and Methods and section S5. Adding this asymmetric potential to the harmonic Marcus potential leads, at nonzero field, to a nonequivalence of charge motion along and against the polarization direction, as illustrated in [Fig. 5](#F5){ref-type="fig"} (B and D). Flipping polarization direction inverts the asymmetric potential and concomitantly the directions of easy and hard charge motion.

![Two-site model for bulk conductivity modulation based on Marcus hopping.\
(**A**) Electrostatic potentials of a single molecule (dark and light blue lines) and their sum (red line) of the stack of molecules shown in the lower half. The asymmetry of this potential energy landscape leads to a nonequivalence of hopping with the polarization *P* directed along (**B**) and against (**D**) the field *F*. Symmetric Marcus potentials are plotted as dashed curves in (B) and (D). The difference in energy barrier Δ*E* between the two polarization states causes a difference in conductivity at finite field. The resulting on/off ratio at a field of 100 V/μm is given in (**C**) as a function of reorganization energy λ and site energy difference Δ*E*~0~.](1701017-F5){#F5}

Implementing the above process in a transport model that accounts for the complicated percolation system formed by many finite quasi-1D chains in parallel and in series is beyond the scope of this work. We therefore use a two-site hopping model with periodic boundary conditions, which describes the field-dependent hopping between two sites separated by a distance Δ*z* and energy difference Δ*E*~0~ ([Fig. 5](#F5){ref-type="fig"}, B and D). This system represents the critical, that is, rate-limiting, step in the full percolating network. Solving this system for polarization parallel and antiparallel to the field gives the on/off ratio, defined as *j*~parallel~/*j*~antiparallel~ versus reorganization energy λ and energy difference Δ*E*~0~, as shown in [Fig. 5C](#F5){ref-type="fig"}. On/off ratios smaller and larger than unity are obtained, depending on the precise parameter choice. Despite its simplicity, the model confirms that the experimentally observed on/off ratio of about an order of magnitude can be explained by the symmetry breaking induced by the aligned molecular dipoles. Moreover, it can accurately reproduce the magnitude and the field dependence of the on/off ratio, as shown in fig. S18.

CONCLUSION
==========

In summary, we have designed and synthesized a new class of disc-like organic molecules that (i) are semiconducting, (ii) have dipolar side groups, and (iii) can be organized into columnar morphologies that have sufficient long-range order to support both ferroelectric coupling between the dipolar groups and quasi-1D charge transport. The ferroelectric polarization is shown to couple strongly to the materials' bulk conductivity, giving rise to switchable and rectifying current-voltage characteristics. The behavior is found for three distinct organic semiconductors that have two totally different dipolar side groups and can be explained quantitatively by a simple two-site model for hopping charge carriers. The observed phenomena are potentially relevant for low-cost nonvolatile rewritable memory applications and, in a broader perspective, demonstrate the possibility of modulating bulk material properties by ferroelectric polarization.

MATERIALS AND METHODS
=====================

Material synthesis
------------------

Details about the chemical synthesis and characterization of the materials can be found in section S1 and in studies of Guilleme *et al.* ([@R15]) and García-Iglesias *et al.* ([@R16]).

Device fabrication
------------------

Experimental metal/functional material/metal capacitor devices were fabricated in a typical cross-bar geometry on a glass substrate. All substrates were chemically cleaned and deionized. Top and bottom contacts were defined by high-vacuum (≈2 × 10^−7^ mbar) evaporation of 70-nm gold through a shadow mask; for a good adhesion, 5 nm of Cr was evaporated before deposition of the bottom electrode. The functional organic films were prepared by drop casting from a solution of dry materials (15 mg of SubPc and 20 mg of PBI-oVDF and Pc-oVDF) dissolved per 1 ml of chloroform. The resulting films had thicknesses of 1 to 4 μm, as checked by a Dektak profilometer. Film roughness was measured using atomic force microscopy, and root mean square values between 10 and 40 nm (5 μm × 5 μm scan) were found for \~1-μm-thick films. Typical device areas varied between 0.25 and 0.5 mm^2^. Before deposition of the top contact, the cast films were thermally annealed at 85°C (SubPc) or 65°C (PBI-oVDF and Pc-oVDF). Before the ferroelectric measurements, films were aligned by applying a triangular wave voltage at elevated temperature, as described in section S2.

Electrical characterization
---------------------------

To reduce noise, the devices were electrically characterized inside a Janus probe station at atmospheric pressure. Switching signal waveforms were applied by an Agilent 33120A arbitrary waveform generator and amplified by a Falco WMA-300 high-voltage amplifier. The actual circuit current was measured by a Keithley 6485 picoammeter, which was visualized and stored on an Agilent DSO7104A oscilloscope for further analysis. To measure *jV* curves, a low-current Keithley 2636 SMU instrument was used. Measurement of a full *jV* curve (for example, from negative to positive back to negative bias) took typically several tens of seconds. With sweep rates that are substantially slower than those used for measuring polarization curves (see below), spurious currents due to polarization reversal (*dP*/*dt*) are suppressed, as also discussed in the main text \[for the figures in the main text, 20 s ([Fig. 2B](#F2){ref-type="fig"}, SubPc-amide), 40 s ([Fig. 3B](#F3){ref-type="fig"}, PBI-oVDF), and 60 s ([Fig. 3D](#F3){ref-type="fig"}, Pc-oVDF)\].

Polarization-voltage (*P-V*) hysteresis loops, the characteristic curves of ferroelectrics, were obtained by integrating the pure switching-current response (*dP*/*dt*) as a difference between the full device response, which includes the relevant *dP*/*dt* signal and a subsequently measured background response that consists of only the leakage and displacement contributions. This way of achievement of remnant hysteresis loops at quasi-static conditions is known as the double-wave method (DWM) and is described by Fukunaga and Noda ([@R32]) and Khikhlovskyi *et al.* ([@R33]). Figure S9 briefly summarizes the DWM.

Model
-----

The asymmetric charge transport, as observed in the experiments, is explained using a Marcus hopping model with an asymmetric potential. As for normal Marcus hopping, the energy barrier Δ*E* is determined by the intersection between the free energy parabolas of the initial and final sites, as shown in fig. S16A. Thus, the energy barrier is$$\Delta\mathit{E} = \frac{\Delta\mathit{z}^{2}}{4\lambda}{(\lambda + \Delta\mathit{E}_{0})}^{2}$$where λ is the reorganization energy and Δ*z* and Δ*E*~0~ are the distance and energy difference between the two sites, respectively. The hopping rate ν is exponentially dependent on this energy barrier so that$$\nu = \nu_{0}\text{exp}(\Delta\mathit{E}/\mathit{k}_{B}\mathit{T})$$where *k*~B~ is the Boltzmann constant and ν~0~ is an attempt frequency.

The asymmetric potential as shown in [Fig. 5A](#F5){ref-type="fig"} is added as a modulation onto the symmetric parabola. This results in a change in the energy barrier for hopping, and thus in the hopping rate, as shown schematically by the green line in fig. S16B.

To convert the (asymmetric) hopping rates into currents or mobilities, the simple two-site model with periodic boundary conditions in fig. S16C is considered. This model will not predict absolute currents, but it will be able to estimate the ratio of the currents for the two polarization directions. A charge carrier can hop from site 1 to site 2 and back, and do so either along or against the applied field, yielding four possible hops per polarization direction, as shown in fig. S16C.

The hopping rate is determined for each of these hops, and the mobility is thus calculated as a weighted ratio of the net hopping rate along the field and the total rate. This was done analytically and through a kinetic Monte Carlo technique, giving identical results. It is important to note that when the field approaches zero, the net current goes to zero. Simultaneously, the on/off ratio of currents (and mobilities) goes to one as required by symmetry. The parameters used for the calculation and a description of how they were obtained can be found in section S5.
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